Apoptosis is an important physiological process. Normally, a healthy cell maintains a delicate balance between pro-and anti-apoptotic factors, allowing it to live and proliferate. It is thus not surprising that disturbance of this delicate balance may result in disease. It is a well known fact that apoptosis also contributes to several acquired forms of hearing impairment. Noise-induced hearing loss is the result of prolonged exposure to excessive noise, triggering apoptosis in terminally differentiated sensory hair cells. Moreover, hearing loss caused by the use of therapeutic drugs such as aminoglycoside antibiotics and cisplatin potentially may result in the activation of apoptosis in sensory hair cells leading to hearing loss due to the "ototoxicity" of the drugs. Finally, apoptosis is a key contributor to the development of presbycusis, age-related hearing loss. Recently, several mutations in apoptosis genes were identified as the cause of monogenic hearing impairment. These genes are TJP2, DFNA5 and MSRB3. This implies that apoptosis not only contributes to the pathology of acquired forms of hearing impairment, but also to genetic hearing impairment as well. We believe that these genes constitute a new functional class within the hearing loss field. Here, the contribution of apoptosis in the pathology of both acquired and genetic hearing impairment is reviewed.
Introduction
The hearing apparatus is a complex system that relies on the integrated functioning of many tissues and cell types in the inner ear. Therefore, it is not surprising that mutations in a large variety of different genes have been described as the cause of hearing impairment (HI). It is estimated that approximately 1 in 1000 children are born deaf and that in almost half of these cases the hearing loss is attributable to genetic factors (Marazita et al., 1993) . Not only is congenital deafness a common problem, but acquired deafness, the loss or impairment of auditory function during a lifetime, is as well. Presbycusis, the decline of hearing ability with increasing age, is a prominent example. Above the age of 65, approximately 40 % of the elderly show elevated hearing threshold levels (Ries, 1994) , making age related hearing impaired (ARHI) the most common sensory disorder. Other important factors include noiseinduced HI and ototoxicity, hearing loss associated with clinical drug treatment.
In essence, two major routes lead to cellular death: apoptosis and necrosis. Apoptosis is an active, energy requiring process that is initiated by specific pathways in the cell (Kerr et al., 1972) , while necrosis is a passive one requiring no energy and results in the rupture of the cell body. During necrosis, the cellular content is spilled onto adjacent cells thereby possibly triggering inflammatory responses. The correct differentiation between these two death routes is important as different pathways are triggered during both processes. Necrosis and apoptosis are easily distinguishable through differentially activated biochemical processes. However, the gold standard is still morphological analysis. For a pictoral representation of the molecular pathways activated during apoptosis, see figure 1.
The pathology of hearing loss has been studied extensively. Recent findings have led us to conclude that deregulation of homeostatic and apoptotic programs is an important contributing factor to the genesis of HI. Apoptosis is one of the death pathways a cell is able to follow should it encounter stress situations. In a normal functioning cell, a delicate balance of apoptosis-inducing and -inhibiting factors exists, making sure the cell is able to live and proliferate. However, in stress situations this balance is disturbed and through an internal messaging system the cell may enter the apoptotic death program. The proper functioning of the apoptotic circuitry is very critical in the development and maintenance of a multicellular organism. It is no surprise that defects in the regulation of apoptotic pathways may lead to disease.
The involvement of apoptosis in the development of acquired hearing loss has been long studied. Recently however, a new link between apoptosis and monogenic forms of hearing loss has emerged. Here, we will elaborate on the involvement of apoptosis in ARHI, noiseinduced hearing loss, ototoxicity and we will discuss the recent link with monogenic forms of hearing loss.
Apoptosis in noise-induced hearing loss
Noise-induced hearing loss is recognized as a major cause of sensorineural hearing loss. Worldwide, approximately 16% of all hearing impairments are due to continued exposure to loud noises (Nelson et al., 2005) and it is expected that this estimate will rise in the next years. In addition to the traditional risks of factory work and the military, the popularity of clubs and discos and the increasing use of MP3 players have brought prolonged exposure to hazardous noises into the recreational area. Understanding the molecular pathologies that underlie this hearing loss is thus very important in order to design rational preventive strategies.
A key observation about the development of noise-induced hearing loss came from the study of animal models. Whenever animals were subjected to continuous loud noises of sufficient sound intensity (>100 dB), they exhibited permanent hearing loss accompanied by large lesions in their cochleae. These lesions were characterized by morphologically abnormal cells most prominently among the terminally differentiated sensory hair cells. In particular, outer hair cells seemed to be very sensitive to noise trauma.
Cochlear damage following noise exposure occurs through two major routes. The first one is direct mechanical damage, which leads to both hair cell loss through mechanical disruption of the stereocilia and direct damage to supporting and sensory cells (Slepecky, 1986) . The other route involves biochemical pathways leading to cell death through either apoptosis or necrosis.
The first studies evaluating the type of cochlear cell death following intense noise exposure date back to the late 1980's. Swollen outer hair cells were observed in cochleae of animals subjected to very loud noises (120 dB). As this is a hallmark of necrosis, it was assumed that necrosis was the major cause of cell death (Saunders et al., 1985) . However, later studies revealed that next to necrosis, apoptosis is also a key mediator of noise-induced hearing loss. Nuclear condensations were observed in cochlear cells of guinea pigs, chinchillas and rats following noise exposure (Hu et al., 2002b; Hu et al., 2000; Hu et al., 2009; Niu et al., 2003; Wang et al., 2007) . These nuclear changes suggested that the cells were dying from apoptosis. TUNEL labeling experiments confirmed these initial experiments and indicated that apoptosis is probably the more important cell death route in sensory hair cells in response to noise exposure (Pirvola et al., 2000) . These results were further strengthened by the observation that several biochemical apoptotic markers are activated in outer hair cells of noise-insulted cochleae (Hu et al., 2002a) , such as the caspase cascade (Han et al., 2006; Nicotera et al., 2003) , a key mediator of apoptosis. Moreover, several members of apoptosisinducing gene families were activated in the immediate hours following the insult. These include the tumor necrosis factor receptor family, the B-cell leukemia/lymphoma 2 family (BCL2), the tumor necrosis receptor-associated factor and the inhibitor of the apoptosis protein family (Hu et al., 2009 ) and the BCL-2-associated death (BAD) promoter (VicenteTorres et al., 2006) . Two important factors seem to determine which cell death pathway is activated following intense noise exposure. The first is sound intensity level. Noises of 105 dB seem to favor necrosis, while much louder noises (120 dB) seem to favor apoptosis (Hu et al., 2000) . Another factor is the time lapse between noise exposure and morphological analysis. Outer hair cells immediately start dying during the acoustic insult and continue to do so until at least 30 days thereafter (Hamernik et al., 1984; Yang et al., 2004) . Apoptosis is the primary contributor to the expansion of the lesion immediately after the insult (Hu et al., 2002b) . However, 4 days after the insult, apoptotic events start to diminish and by day 30, necrosis and apoptosis contribute equally to the still ongoing cellular death (Yang et al., 2004) .
The pathways that lead to apoptosis in sensory hair cells have been partly elucidated ( Figure  2 ). Generation of reactive oxygen species (ROS) and reactive nitrogen species (RNS) is involved in the sequence of events following noise exposure (Ohlemiller et al., 1999) ; (Henderson et al., 2006) . Indeed, ROS can be demonstrated in the cochlea long after noise exposure has been terminated (Yamashita et al., 2004a) , possibly accounting for the delayed and continued damage that can be observed morphologically. Such oxidative stress can damage mitochondria which, in turn, release pro-apoptotic factors (Yamashita et al., 2004a) . Indeed, apoptosis inducing factor (AIF) and endoG are released by mitochondria into the cytosol of cochlear cells following noise exposure (Yamashita et al., 2004b) . These molecules are then translocated into the nucleus and trigger an apoptotic response. Several studies specifically identified the JNK signaling pathway as a mediator of apoptosis in outer hair cells . JNK is part of the MAP kinase pathway and is able to induce apoptosis. This part of the MAP kinase pathway is activated in response to several cellular stresses such as osmotic shock, heat shock, inflammatory cytokines, UV radiation and oxidative stress. Interestingly, ROS formation seems to be an important activator of the JNK pathway (Lo et al., 1996) .
On the basis of these mechanistic studies, several small molecules and drugs with protective roles against noise-induced traumata have been identified. Indeed, if necrosis and especially apoptosis are key mediators of these cochlear lesions, then inhibitors of apoptotic and necrotic cell death should be able to attenuate the damage following acoustic overstimulation. Wang et al. showed that intracochlear perfusion of riluzole, an inhibitor of apoptosis and necrosis (Lang-Lazdunski et al., 2000; Ettaiche et al., 1999) , protects the cochlea from damage by acoustic trauma (Wang et al., 2002) . Other groups reported protective effects through blockage of the JNK pathway. For example, a noise exposed group of mice fed with all trans retinoic acid (ATRA), a compound with anti-apoptosis potential through inhibition of the JNK pathway, showed greater cochlear preservation with less apoptotic cells compared to a control group (Ahn et al., 2005; Shim et al., 2009) . Another study reported that blocking the JNK pathway using locally delivered d-JNK-1 through the round window membrane prevented hair cell death and permanent hearing loss following noise trauma . In agreement with the hypothesis of ROS formation and mitochondrial damage, protection with antioxidant molecules, such as Q-ter (CoEnzyme Q10 Terclatrate, a water soluble form of the lipophilic antioxidant coQ10) (Fetoni et al., 2009) , idebenone (synthetic analogue of coenzyme Q10) (Sergi et al., 2006) , trolox (water soluble analogue of alpha tocopherol), salicylates , NAC (N-Acetyl-cysteine) (Ohinata et al., 2003) , edaravone (Tanaka et al., 2005) , Dmethionine (Campbell et al., 2007) , glutathione (Hight et al., 2003) and ferulic acid (Fetoni et al., 2010) will decrease auditory thresholds shifts after noise exposure and decrease the amount of apoptosis in hair cells.
The conclusion from these data is that outer hair cells are the primary target for cell death following excessive noise exposure. Apoptosis seems to be a major cause of cell death that occurs immediately during the noise exposure and continues to do so several days thereafter. Apoptotic events then decrease over time and contribute together with necrosis equally to the still ongoing cell death.
Hearing loss due to ototoxicity is the result of apoptosis
Certain clinically useful and essential pharmacological therapies may result in temporary or permanent hearing loss due to interactions of the drug and cells of the inner ear. The most commonly used drugs with ototoxic effects are aminoglycosides antibiotics, platinum-based chemotherapeutica (cisplatin and carboplatin), loop diuretcs, salicylates, macrolide antibiotics and antimalarials (Arslan et al., 1999; Humes, 1999) . For the scope of this review, we will only discuss aminoglycosides and cisplatin because the effects of these drugs on the hearing apparatus are the most severe and, in contrast to other ototoxins, cause permanent hearing loss.
Aminoglycoside antibiotics
3.1.1. Background-Aminoglycoside antibiotics (such as amikacin, gentamicin, kanamycin, neomycin) were discovered in the 1940s and have been widely used ever since. Back then, these 'new' antibiotics were considered a blessing as they could be used in the treatment of tuberculosis and otherwise incurable infectious diseases. Since then, clinical trials reported reversible nephrotoxic and irreversible ototoxic effects in humans, which were confirmed in animals. These antibiotics have always been a popular choice due to the low cost and high effectiveness of the treatment. Depending on dose and duration of treatment, the incidence of cochleotoxicity may range between a few percent to 33% (Chen et al., 2007) . Nowadays, at least in developed countries, the use of these antibiotics has declined but remains essential for specific indications in emergencies, cystic fibrosis and tuberculosis. In developing countries however, the use of aminoglycosides is still common practice primarily due to economical reasons.
3.1.2. Apoptosis through use of aminoglycoside antibiotics-Usage of aminoglycosides induces cellular death in both cochlear and vestibular systems, which translates into hearing loss and vertigo. The damage is mainly irreversible and affects predominantly hair cells of the cochlea and type I sensory cells in the vestibulum. Specifically, outer hair cells in the basal turn of the cochlea seem to be the most vulnerable and the first to die, resulting in a high-frequency loss in patients treated with these antibiotics. The more resilient inner hair cells generally start dying much later, often after destruction of most outer hair cells (Suzuki et al., 2008) . Much effort has been put in the identification in the type of cell death induced after systemic treatment with one of these antibiotics. Now, the consensus is that the observed cell death predominantly occurs through apoptosis (Forge, 1985; Forge et al., 2000; Li et al., 1995; Nakagawa et al., 1998) , reinforced by observations such as an increased hair cell loss after the administration of XIAP (X-linked inhibitor of apoptosis proteins) inhibitors (Tabuchi et al., 2007) .
3.1.3. Mechanism of aminoglycoside-induced apoptosis and possible therapies-The mechanism of gentamicin-induced cochlear apoptosis has in part been attributed to generation of ROS (Clerici et al., 1996) and RNS (Hong et al., 2006) . Indeed, gentamicin seems to increase ROS after the formation of an iron-aminoglycoside complex both in-vitro (Lesniak et al., 2005) and after systemic treatment of mice with kanamycin invivo Sha et al., 1999) . Consistent with this idea and suggesting a causal relationship between oxidative stress and cochlear cell death is the fact that iron chelators and antioxidant therapies attenuate gentamicin ototoxicity (Kawamoto et al., 2004; Sha et al., 2000; Song et al., 1998) . These data suggest that mitochondria also play a key role in the aminoglycoside-induced apoptotic cell death and may be a primary target of these drugs. Indeed, Dehne et al. reported an increased mitochondrial membrane permeability potential in cell culture which resulted in the release of pro-apoptotic factors in the cytosol after aminoglycosides were added to the medium (Dehne et al., 2002) . Also, supplementation of L-carnitine (LCAR), a neuroprotective agent that plays a role in mitochondrial functioning, is able to prevent outer hair cell damage after gentamicin administration (Kalinec et al., 2005) . Interestingly, the JNK cascade couples oxidative stress to apoptosis (Mielke et al., 2000) . In-vivo experiments show activation of the JNK pathway after administraton of aminoglycosides, which in turn triggers the apoptosis program of vestibular and cochlear cells. Concordantly, inhibitors of the JNK cascade such as CEP-1347 (Ylikoski et al., 2002) and estradiol attenuate hair cells loss following gentamicin administration (Nakamagoe et al., 2010) . However, Kalinec et al. found that gentamicin in fact inhibits JNK phosphorylation but activates ERK1/2, another MAP kinase which in turn leads to upregulation of HRK and finally results in cell death (Kalinec et al., 2005) . It is clear that no consensus exists as to which MAP kinase cascade is activated through gentamicin ototoxicity. Furthermore, evidence for both caspase-dependent and caspase-independent hair cell death after kanamycin administration in-vivo has been presented (Jiang et al., 2006) . Many factors are probably in play in determining modes of cell death such as the model system used (in-vivo versus in-vitro) and the effective concentration or duration of drug treatment. However, it is safe to say that gentamicin ototoxicity causes loss of both vestibular cells and cochlear hair cells predominantly through an apoptotic process. The apoptotic program is triggered through mitochondrial damage due to generation of ROS which consequently activates various pathways resulting in apoptotic cell death.
Cisplatin
3.2.1. Background-Cisplatin is a platinum-based chemotherapeuticum, commonly used in clinical practice in the treatment of different types of cancers such as osteosarcoma, testicular, ovarian, bladder, head and neck and lung cancers (Hill et al., 2008) . Cisplatin is taken up by the tumor cell, after which DNA crosslinks are formed through covalent bindings of the platinum atom to purine bases. This process triggers transcription inhibition, cell cycle arrest and apoptosis (Rybak et al., 2007a) . Several side effects arise from the use of cisplatin due to its non-specific cytotoxic actions. The most severe and often dose limiting side effects are neurotoxicity, nephrotoxicty and ototoxicity. While neurotoxicity and nephrotoxicity can be mitigated by appropriate clinical regimens, ototoxicity seems inevitable and permanent. Ototoxic effects occur in 26-68% of patients treated with cisplatin (Musial-Bright et al., 2011 ). An increased risk of permanent hearing loss is reported for younger children, larger doses, pre-existing hearing loss and renal disease (Rybak et al., 2007b) .
Effect of cisplatin on cochlear tissue-
The ototoxic effects of cisplatin are classified in two major categories. A first acute reaction induces a reversible effect on the hearing apparatus through inhibition of transduction currents and voltage-dependant Ca 2+ currents. Effects on the stria vascularis may contribute to the overall pattern of early cisplatin damage but such effects are initially also reversible. On the other hand, cisplatin induces long term, irreversible changes in the cochlear morphology resulting in an irreversible bilateral, sensorineural high frequency loss (Musial-Bright et al., 2011) . These cochleotoxic effects of cisplatin have been well described (Estrem et al., 1981; Laurell et al., 1989) and result from a predominant destruction of the outer hair cells of the organ of Corti starting from the basal turn of the cochlea (Alam et al., 2000) . Spiral ganglion cells may degenerate (Lee et al., 2003) but inner hair cells are less consistently affected. Permanent damage to the lateral wall structures (stria vascularis and spiral ganglion) of the inner ear occurs to a lesser extent. In contrast to aminoglycoside-induced ototoxicity, the vestibular system does not seem to suffer. All affected cells die predominantly through an apoptotic death program. (Dehne et al., 2001; Kopke et al., 1997; Tsutsumishita et al., 1998) , a process that partly depends on the availability of iron (Dehne et al., 2001) . Just as in aminoglycoside toxicity, it is assumed that the formation of these free radicals is the basis for cisplatin induced ototoxicity as antioxidant therapy protects (Campbell et al., 1996; Church et al., 1995; Dickey et al., 2004; Wu et al., 2005 ). An important source of these ROS in the inner ear appears to be NADPH oxidase 3 (NOX3), which is a superoxide-generating NADPH oxidase that is upregulated after cisplatin treatment (Banfi et al., 2004; Mukherjea et al., 2006 ). Excessive ROS generation could then deplete the antioxidant defense mechanisms of cochlear cells, damaging mitochondria and causing them to release cytochrome c thus triggering the apoptotic death program through activation of caspases (Rybak et al., 2007a ).
Mechanisms of cisplatin induced apoptosis-Cisplatin
In conclusion, both aminoglycosides and cisplatin cause a sensorineural, initially highfrequency hearing loss. The severity of the toxicity is related to both the duration of the treatment and the dose of the drug. The outer hair cells of the basal turn of the cochlea are highly sensitive to both drugs and seem to die from apoptosis which, in both cases, appears to be triggered through an elevated ROS formation (Figure 2 ).
Apoptosis in ARHI
ARHI is the result of genetic predispositions combined with various insults to the inner ear accumulated during a lifetime. The environmental causes contributing to ARHI are very heterogeneous and may include, for example, smoking, exposure to loud noise and ototoxic drugs. Histopathologically and pathophysiologically, ARHI does not follow a single pattern. It may variably be accompanied by an age-dependant loss of sensory hair cells, spiral ganglion cells, degeneration of stria vascularis cells and stiffening of the basilar membrane (Gates et al., 2005) . The relative contributions of these individual pathologies shape the type presbycusis: for example, sensorineural-based on loss of hair cells and spiral ganglion cells or metabolic-based on functional deficits in stria vascularis.
Different animals have served as models for the different types of presbycusis, among them several mouse strains. Most of these strains show clear signs of ARHI but differences exist. Commonly used strains for studying ARHI are BALB/c and C57BL/6J. As in most human ARHI forms, these mice display a sensorineural type of ARHI that is accompanied with degeneration of the organ of Corti, stria vascularis and the spiral ligament. However, an often raised criticism against these models is that they already show first signs of hearing loss in early adulthood (Ohlemiller, 2006) . Part of this early onset is explained through the presence of genetic variants. An example of a predisposing allele is cadherin 23 ahl (Cdh23 ahl ). This allele encodes a protein present in the tip links of outer hair cells and is associated with a rapid progression of ARHI (Johnson et al., 2000; Ohlemiller, 2006) . Another often used strain is CBA/J (Sha et al., 2008) . These mice do not have the Cdh23 ahl allele and seem to develop high frequency loss more slowly. The high frequency losses seem to coincide well with loss of hair cells at the base of the cochlea (Sha et al., 2008) . However, an oddity observed in this strain is an early low frequency 4 kHz loss at 3 months of age, which is not seen in the other mice models. It is clear that a single mouse model for human ARHI does not exist and that trade-offs are always necessary when making a choice about which model to use. Morphological analyses of CBA/J mice show that the outer hair cell loss is attributable to a combination of both necrotic and apoptotic cell death (Sha et al., 2009) . Other studies showed TUNEL-positive hair cells and spiral ganglion cells in aged gerbil and mice cochlea (Someya et al., 2007; Usami et al., 1997) , suggesting that apoptosis is also involved in the development of ARHI.
Gene expression experiments in ageing cochlea of CBA/CaJ mice revealed altered gene expressions of several apoptosis-related genes. These altered expressions probably tip the scale in favor of apoptosis, causing cellular death. Although genes involved in the activation of both the extrinsic and intrinsic apoptotic pathways ( Figure 1 ) were differentially regulated (Sha et al., 2009) , the changes in the extrinsic pathways were definitely more clear-cut than those of the intrinsic pathways (Tadros et al., 2008) . Together, these experiments show that both intrinsic and extrinsic apoptotic cell death programs are activated in ARHI.
It is widely accepted that oxidative stress plays a role in the pathology of ageing and that mitochondria are important sources of ROS production. As ARHI is considered an ageing disease, this suggests that mitochondria might also be implicated in the pathology of ARHI. In line with this theory is that antioxidant defenders such as mitochondrial superoxide dismutase 2 (SOD2) decrease significantly with age in all cell types of the organ of Corti, suggesting that oxidative imbalances indeed contribute to ARHI (Jiang et al., 2007) . Moreover, studies in C57BL/6J mice fed with an antioxidant supplemented diet (α lipoic acid, coenzyme Q 10 , N-acetyl-L-cysteine) show significantly lower ABR hearing thresholds when compared to thresholds from control fed mice (Someya et al., 2009) . Furthermore, hearing tests in C57BL/6J mice overexpressing mitochondrial targeted catalase (MCAT) showed reduced ABR thresholds compared to WT mice (Someya et al., 2009) . These experiments in C57BL/6J mice provide evidence that mitochondrial derived ROS may play a causal role in ARHI. It was hypothesized that these ROS induce DNA damage, which results in the upregulation of P53 causing chronic activation of the mitochondrial BAK pathway, ultimately resulting in the triggering of apoptotic cell death (Someya et al., 2010) . However, it should be noted that studies performed in C57BL/6J are not necessarily representative for the mechanism in age-related hearing loss, as this strain displays an accelerated form of hearing loss. Other studies point to a possible role of the nonmitochondrial SAP/JNK and p38 MAP kinase in the induction of apoptosis during the generation of ARHI (Sha et al., 2009) . Despite limitations in the various models of ARHI it appears that ROS formation and apoptosis are key events in the pathology of ARHI. The exact pathways leading to the activation of apoptosis are not clearly defined and it is plausible that in reality multiple pathways are co-activated as ARHI is the product of a multifactorial process (Figure 2 ).
Apoptosis in monogenic forms of hearing loss
The search for the genetic factors contributing to hereditary HI has been very successful with the identification of many loci and causative genes during the past two decades. This is demonstrated by the fact that until now, 24 dominant, 41 recessive and 2 X-linked genes have already been described (http://hereditaryhearingloss.org/). The functions of these genes are very diverse and a single common pathway for deafness does not seem to exist. Instead, these genes cluster in different functional classes. For example, the Usher complex proteins located in the stereocilia are involved in processes such as motor activity and cell adhesion. Other proteins are implicated in K + homeostasis, tight junction formation, or synaptic transmission. Recently, mutations in a new class of genes involved in apoptotic pathways have been identified as the cause of deafness.
DFNA5
DFNA5 was identified in 1998 as a gene causing an autosomal dominant, sensorineural form of hearing loss that starts in the high frequencies (Van Laer et al., 1998) . At the genomic level, the gene spans 60kB and translates an mRNA transcript of 1491bp. To date, four different genomic mutations have been identified that on the RNA level always lead to skipping of exon 8 (Bischoff et al., 2004; Cheng et al., 2007; Van Laer et al., 1998; Yu et al., 2003) . DFNA5 is expressed in all tissues investigated so far, albeit at a low level. Higher expression levels were reported in placental tissue (Van Laer et al., 1998) . Functional studies showed that transfection of mutant DFNA5 causes cell death whereas transfection of WT DFNA5 does not . The mutations leading to DFNA5-induced hearing loss are thus gain of function mutations. Analysis of the DFNA5 protein revealed two regions separated by a hinge region. Morphological and flow cytometrical analysis revealed that the first region induces apoptosis after transfection in mammalian cells ( Figure  3 ) while the second region probably has a regulatory function on the apoptosis-inducing region (Op de Beeck et al., 2011) . As the apoptosis-inducing region is present in both WT and mutant DFNA5, apoptosis induction probably is an intrinsic feature of the protein. This is in line with the observation that DFNA5 is frequently epigenetically silenced in primary tumors of gastric, colorectal and breast cancer (Akino et al., 2007; Fujikane et al., 2009; Kim et al., 2008a; Kim et al., 2008b) . Indeed, shutting down a possible cell death pathway results in a proliferative advantage for a tumor. Several other lines of evidence point to an important role of DFNA5 in tumor biology. DFNA5 mRNA was significantly downregulated in an etoposide-resistant melanoma cell line (MeWo ETO 1) compared to a non resistant MeWo cell line. Transfecting these cells with a DFNA5 expression vector led to an increase in the sensitivity for etoposide. This increased sensitivity was accompanied with augmented caspase 3 activation, suggesting that DFNA5 might be implicated in the apoptotic pathway (Lage et al., 2001 ). Moreover, DFNA5 was identified as a transcriptional target of P53 (Masuda et al., 2006) . These data raised the hypothesis that DFNA5 might be a tumor suppressor gene. Indeed, transfection of DFNA5 in a gastric cancer cell line decreased the number of colonies when compared to cells transfected with empty vector (Akino et al., 2007) . Alternatively, knockdown of DFNA5 in a breast cancer cell line resulted in an increased cell growth and colony size (Kim et al., 2008b) . All tumor suppressor genes share the ability to reduce the possibility of an uncontrolled cellular proliferation. This is in line with the apoptosis-inducing feature of DFNA5: reducing the expression of DFNA5 through methylation may lead to the inactivation of a possible cell death route resulting in a proliferative advantage.
It is hypothesized that the truncating DFNA5 mutations constitutively activate the apoptosisinducing feature causing cell death of the terminally differentiated auditory sensory epithelium which, over time, results in a sensorineural HI. The phenotype of DFNA5 patients is compatible with this theory. Audiograms of DFNA5 patients show an early loss of high frequencies that progresses to the mid frequencies and at the endpoint also affects the lower frequencies. The high frequency loss may be explained through the typical tonotopy of the cochlea. Indeed, it appears that basal hair cells, which are essential for high frequencies, are more susceptible to apoptotic cell death and probably die first as they do in drug-induced and noise-induced hearing loss. The apoptosis-inducing feature of mutant DFNA5 might then cause continued stress on cells of the sensory epithelium, causing the more resilient cells, located at the cochlear apex, to die. The fact that DFNA5 patients show relatively good speech recognition clearly suggests that DFNA5-induced hearing loss is not an auditory neuropathy, but that the lesion is located at the sensory epithelium of the organ of Corti.
TJP2
The causative gene for DFNA51-associated hearing loss was discovered through arrayCGH, which allows for the identification of complex mutations such as microdeletions or microduplications. The disease-causing mutation was identified as an inverted genomic duplication of TJP2. This leads to overexpression of TJP2, resulting in a non-syndromic, autosomal dominant, progressive hearing loss, starting at the high frequencies, but eventually altering the complete auditory spectrum. TJP2 encodes tight junction protein 2. In the inner ear, the gene is mainly expressed at the membrane between hair cells and supporting cells. Patients harboring the duplication have an approximate 1.7 fold overexpression of the mRNA compared to normal controls. In-vitro overexpression of TJP2 leads to a reduced phosphorylation of glycogen synthase kinase 3β (GSK-3β), resulting in its activation. It is hypothesized that the overexpression in patients also leads to an increased amount of the activated, unphosphorylated form of GSK-3β, as in-vitro studies suggest. Real time PCR experiments showed that overexpression of TJP2 results in the differential expression of several apoptosis-related genes such as BCL2L11, IL6, Rel and TSPO in patients with a mutation, probably due to altered activity of GSK-3β. This altered expression might shift the overall homeostatic balance to apoptosis, causing hearing loss (Walsh et al., 2010) .
MSRB3
MSRB3, the gene responsible for DFNB74-associated hearing loss, was recently identified.
Affected family members have a c.265T>G transversion in exon 4 of the gene. The transversion segregates with the hearing loss in all six known DFNB74 families but was absent in 262 DNA samples from normal hearing controls. The gene has four isoforms. Isoform A contains an endoplasmic reticulum localization signal at the N-terminal, the other three isoforms contain a mitochondrial localization signal. MSRB3 is ubiquitously expressed in almost all tissues tested thus far. In the organ of Corti of mice MSRB3 showed strong signals in inner as well as outer hair cells and to a lesser extent also in supporting cells. The gene encodes a methionine sulfoxide reductase which is involved in repairing oxidatively damaged proteins. Malfunction of the protein may thus result in an accumulation of damaged proteins, which could trigger endoplasmic reticulum stress and an apoptotic response in inner hair cells resulting in HI (Ahmed et al., 2011) .
Summary
The hearing apparatus is a complex system where failure of one component potentially results in hearing loss. In the early 1990s the first genes for monogenic hearing loss were discovered through the use of genetic linkage techniques. Now dozens of genes responsible for HI have been described and functionally analyzed. As expected, the functions of these genes are very diverse ranging from gap junction and motor proteins to ion channels reflecting the complex hearing machinery. Although the pathology of HI is very complicated, extensive genetic and molecular biological studies have provided considerable insight into underlying mechanisms of cell death.
Apoptosis of sensory hair cells is an important contributor to several acquired hearing pathologies. The outer hair cells in particular appear to be very susceptible for various apoptotic stimuli. For example, in the case of noise-induced hearing loss, excessive noise exposure triggers the activation of apoptotic cell death programs in these outer hair cells. Likewise, use of certain therapeutic drugs such as aminoglycoside antibiotics and cisplatin triggers apoptosis in these sensory cells, resulting in permanent hearing loss. Finally, apoptosis is a key event in the pathology of ARHI, probably due to the accumulation of ROS, which are also implicated in noise-and drug-induced hearing loss.
As apoptosis clearly contributes to these forms of acquired hearing impairment, it is not surprising that several apoptosis genes were recently identified as the cause of monogenic deafness. These genes are TJP2, MSRB3 and DFNA5. The fact that these genes are ubiquitously expressed throughout many tissues and yet only cause HI might be explained by a high sensitivity of the sensory epithelium to stress and to deregulations of their apoptotic programs. As the hair cells are terminally differentiated it is not surprising that these mutations result in a phenotype of permanent hearing loss.
We feel that the recent discovery of apoptosis-related deafness genes is only the tip of the iceberg and expect that many more mutations in such genes will be revealed in monogenic deafness families.
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Hz Hertz Apoptosis can be induced through at least two pathways. The extrinsic pathway is activated through death receptors that reside on the plasma membrane. Binding of a death ligand to its receptor causes activation of caspase 8 that is then able to activate effector caspases such as caspase 3 and caspase 7. The intrinsic pathway on the other hand is activated from the inside of the cell. Stimuli such as DNA damage, oxidative stress and irradiation cause mitochondrial damage resulting in permeability changes of the outer mitochondrial membrane. This change causes the release of several pro apoptotic factors into the cytosol that trigger and amplify the apoptotic cascade. These proteins are then able to induce caspase-dependent and caspase-independent pathways. Release of endonuclease EndoG and apoptosis inducing factor (AIF) induce a caspase-independent apoptosis. On the other hand, release of cytochrome c proteins leads to oligomerization of apoptosis protease activating factor 1 (apaf-1) causing the formation of the so called apoptosome. This structure activates the initiator caspase 9, which in turn activates effector caspases such as caspase 3 and caspase 7. Meanwhile, Smac/DIABLO and HtrA2/Omi complexes counteract the inhibitory effects of inhibitor of apoptosis molecules (IAP) thereby enhancing activation of the apoptotic cascade. Outer hair cells are vulnerable for different apoptosis-inducing stimuli. Depicted here are three outer hair cells that encounter various insults and as a result activate the apoptotic pathway. The left cell represents a noise-insulted cell. Noise exposure leads to an elevated generation of ROS, which causes mitochondria to release the pro-apoptotic factors EndoG and AIF. Moreover, ROS production is able to activate the JNK kinase system, leading to the transcription of several apoptosis inducing genes (AIG) in the nucleus. This causes the mitochondria to release cytochrome c and ultimately leads to apoptosis. In the case of ototoxicity, either aminoglycosides (AG) or cisplatin (CS) cause a rise in ROS formation. These ROS activate the JNK or ERK MAP kinase cascade, leading to transcription of AIG such as HRK (harakiri), which ultimately leads to activation of the apoptotic cell death
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program. The right cell depicts an ageing outer hair cell. The ageing theory predicts that in the course of time ROS concentration rises either due to depletion of antioxidant defenders or due to an elevated ROS formation. This causes mitochondrial damage and subsequent release of pro-apoptotic factors that finally induce apoptosis. 
